Aminoacyl-tRNA synthetases have been shown to exist as high-molecular-weight complexes in mammalian cells (9, 10, 28) in both the cytoplasmic and mitochondrial compartments (27) . The sizes of these complexes range from several hundred thousand to two million daltons (4, 6, 11, 24, 25, 27) . The observed variation in size reported in the literature is apparently the result of the fragility of the complexes during isolation. Stable core synthetase complexes have been prepared that contain seven or eight synthetases and other unidentified protein components (6, 11, 17, 20) . There are also reports that tRNA modification enzymes are part of the high-molecular-weight synthetase complexes (2, 15, 23) . We previously reported that rat liver aminoacyl-tRNA synthetase, tRNA methyltransferase, and tRNA sulfurtransferase activities coexist in a high-molecular-weight complex (15) . This was verified by Agris et al., who found these same activities in a complex from normal and leukemic mouse cells (2) . Since these complexes are present in the cytoplasm of the cell, it is possible that some of the tRNA modification steps are carried out there.
Until recently, aminoacyl-tRNA synthetase complexes were not thought to exist in lower eucaryotes or bacteria. Indeed, in sucrose density centrifugation analyses, Saccharomyces cerevisiae aminoacyl-tRNA synthetase activity was not seen in high-molecular-weight complexes (8) . A similar conclusion was reached with aminoacyl-tRNA synthetases from Escherichia coli after gel chromatography of extracts on Sephadex G-200 (19) . In contrast to these findings, we reported that a aminoacyl-tRNA synthetase complex is present in E. coli, based on ultracentrifugation data and agarose gel chromatography (13) . In agreement with past reports (19) , we did not observe the complex when the extracts were chromatographed on Sephadex G-200. The size of the synthetase complex observed on agarose columns was dependent on the mode of cell disruption and the salt concentration present in buffers. In the present study, the question of whether tRNA modification enzymes are part of the aminoacyl-tRNA synthetase complex of E. coli was investigated.
MATERIALS AND METHODS Bacteria and cell growth. E. coli Q13 (RNase I-) was grown in the M9 medium of Anderson (3) supplemented with methionine and tyrosine at 0.13 and 0.11 mM, respectively. E. coli C6 (a relA Met-Cys-strain) was grown in the same medium but supplemented with methionine (0.13 mM) and cysteine (0.16 mM). This strain was used to prepare methyldeficient or sulfur-deficient tRNAs for use as substrates for tRNA modification enzymes (14, 16) . Growth was limited by using 1/10 of the above-described concentration of methionine and continuing incubation for 6 h after methionine was depleted. Identical Chromatography. The 105,000 x g solutions were chromatographed on Bio-Gel A-SM columns (Bio-Rad) with buffer A as the elution buffer (see legends to figures for exact conditions). The columns were calibrated by using dextran blue (2,000,000 daltons), beta-galactosidase (510,000 daltons), pyruvate kinase (237,000 daltons), hemoglobin (64,000 daltons), and lactalbumin (35,000 daltons). Beta-galactosidase was obtained by growing a culture of E. coli in M9 medium plus lactose. After sonication and clarification as described above, the extract was chromatographed on BioGel A-5M, and fractions were assayed for beta-galactosidase as described by Miller (18 (21) . Samples of appropriate fractions are added to scintillation fluid (ACS; Amersham), and radioactivity was determined. Enzymatic assays. Aminoacyl-tRNA synthetase activity was measured as previously reported (13, 14) . Each assay contained the following components in a final volume of 0.5 ml: 25 ,mol of Tris hydrochloride (pH 7.3), 5 ,umol of magnesium acetate, 2 ,umol of ATP (pH 7), 0.1 to 1.0 ,uCi of a 14C-or 3H-labeled amino acid, 0.4 mg of E. coli B tRNA, and 0.2 ml of the fraction. After a 30-min incubation at 37°C, 0.1-ml samples removed from the reaction mixture, added to 2.4-cm-diameter Whatman 3MM disks, and plunged in cold 5% trichloroacetic acid. The disks were washed in trichloroacetic acid, ethanol-ether, and ether and then dried and counted as previously described (13) .
tRNA modification assays were carried out as previously described (15) . Methylase assays contained the following components in 0.20 ml: Tris hydrochloride (pH 8.0), 5 ,umol; MgCl2, 0.5 p.mol; 2-mercaptoethanol, 0.5 pumol; methyldeficient tRNA, 0.5 mg; [14CH3]S-adenosyl-L-methionine, 0.1 ,uCi; and 0.1 ml of each enzyme fraction. Reactions were incubated at 37°C for 30 min, and 0.1-ml samples of the reaction mixture were applied to a 3 MM paper disk and added to 5% trichloroacetic acid. The disks were washed and counted as described above.
Sulfurtransferase assays contained the following components in a final volume of 0.5 ml: Tris hydrochloride (pH 8.5), 25 ,umol; MgCl2, 2.5 ,umol; ATP, 2.0 ,umol; dithiothreitol, 0.5 p.mol; pyridoxal phosphate, 0.02 ,umol; sulfurdeficient tRNA, 0.4 mg; [35S]cysteine, 2 ,uCi; [32S]cysteine, 5 nmol; and 0.3 ml of enzyme fraction. The incubations were as described above; the reaction was terminated by adding 1.5 ml of 20 mM cysteine, 0.5 mg of E. coli B tRNA as the carrier, and 0.05 ml of a 5% cetyltrimethylammonium bromide solution.-After 1 h on ice, the tRNA was collected by centrifugation, dissolved, and precipitated with 2 volumes of ethanol. The tRNA was dissolved in 0.5 M Tris hydrochloride-0.005 M NaCl (pH 10) and incubated for 90 min at 37°C to deacylate cysteinyl-tRNA. An equal volume of redistilled phenol was then added to the deacylation mixture, and the emulsion was shaken for 10 min. After centrifugation to separate the phases, 0.1 ml of the aqueous phase (0.25-ml total volume) was applied to paper disks, and the disks were washed and counted as described above. Complete details of this assay procedure have been published (15 
RESULTS
We reported the first evidence that aminoacyl-tRNA synthetase activity was associated with a high-molecular-weight complex in E. coli (13) . This conclusion was based on data from agarose gel filtration and ultracentrifugation experiments. To see whether tRNA modification enzymes were also members of this complex, a 105,000 x g supernatant (S105) preparation from E. coli Q13 was chromatographed on Bio-Gel A-SM. Isoleucyl-tRNA synthetase (114,000 daltons), tRNA sulfurtransferase, and tRNA methylase (38,000 to 80,000 daltons) activities chromatographed in the same region, between 300,000 and 500,000 daltons (Fig. 1A) .
Aminoacylation assays were also carried out with a mixture of 15 14C-labeled amino acids as substrates, with profiles essentially identical to those observed with isoleucyl-tRNA synthetase (data not shown). Hence, both total and individual synthetase activities eluted similarly on Bio-Gel A-5M, at a position consistent with the existence of a multienzymic complex (13) .
We also subjected the S105 preparation to further centrifugation at 160,000 x g for 18 h. Under these conditions, 90% of the synthetase and sulfurtransferase activities were sedimented along with 55% of the methylase activity (comparing activities in 160,000 x g supernatant and pellet fractions).
After suspension in buffer A, the sedimented enzymes were chromatographed on Bio-Gel A-5M. The P160 pellet contained protein material of high and intermediate molecular weights, including synthetase, methylase, and sulfurtransferase activities (Fig. 1B) . The isoleucyl-tRNA synthetase eluted in a slightly broader peak after pelleting and resuspension, but in essentially the same position as in the S105 (Fig. 1A) . Total synthetase activity (15 labeled Fig. 1 and 2) . However, the elution positions of tRNA sulfurtransferase, isoleucyl-tRNA synthetase, and tRNA methylase were essentially the same as with glycerol. It should be noted that sulfurtransferase eluted somewhat earlier than tRNA methylase (Fig. 1) .
The effect of various methods of cell disruption and extraction conditions on the size of these complexes has been investigated. It was previously shown that aminoacyltRNA synthetases existed as high-molecular-weight com-VOL. 172, 1990 on Bio-Gel A-5M chromatography of 105,000 x g supernatant (S105) and 160,000 x g pellet (P160) preparations. (A) A 20-ml sample of an S105 preparation was applied to a preequilibrated 1.5-by 80-cm column, and the proteins were eluted with buffer A. Fractions of 3.0 ml were collected at a flow rate of 6.5 ml/h. Appropriate fractions were assayed for isoleucyl-tRNA synthetase, tRNA methylase, or tRNA -sulfurtransferase as described in Materials and Methods. The data are expressed as counts per minute per 0.1 ml of reaction volume-in each case, with the latter two activities plotted using the inset scale. (B) An 8-ml sample of the S105 preparation was centrifuged at 160,000 x g for 18 h. The pellet was rinsed and suspended in 2 ml of buffer A and chromatographed on Bio-Gel A-5M as described above. The column was standardized by using the following proteins (described in Materials and Methods): db, dextran blue; p-gal, beta-galactosidase; pk, pyruvate kinase; Hb, hemoglobin. Symbols: , A280; 0, isoleucyl-tRNA synthetase activity; 0, tRNA sulfurtransferase activity; 0, tRNA methylase activity.
plexes whether cells were disrupted by sonication or by freeze fracture or were homogenized with glass beads (13) . Likewise, the molecular weight of the sulfurtransferase activity was estimated to be 450,000 on Bio-Gel A5M, regardless of which of these three methods was used to disrupt cells (data not shown). We also attempted to prepare supernatant preparation by using buffers that mimic physiological salt concentrations. Synthetase activity was reported to elute from Bio-Gel A5M at the same or higher molecular weight when extracts were prepared with buffer A plus 0.15 M NaCl (13) . Sulfurtransferase activity elutes at 450,000 daltons under these conditions, exactly as shown in Fig. 1 . In addition, aminoacyl-tRNA synthetase activity eluted at 500,000 daltons on agarose gels when extracts were prepared and chromatographed with Tris-glutamate (buffer A plus 0.15 M glutamic acid) (data not shown). The replacement of chloride was made in response to reports that glutamate is a major intracellular anion in E. coli (22) . These experiments Bio-Gel A-5M chromatography of an S105 preparation from E. coli Q13 without glycerol in buffers during preparation or chromatography. The conditions were as described in the legend to Fig. 1 . In this experiment, the data for isoleucyl-tRNA synthetase assays have been divided by 10 . Symbols: -, A280; 0, isoleucyltRNA synthetase activity; 0, tRNA sulfurtransferase activity; O, tRNA methylase activity.
suggest that the high-molecular-weight forms of these enzymes shown in Fig. 1 are not the result of aggregation in the low-salt buffer used to extract the cells.
To further investigate the relationship between the synthetase and sulfurtransferase activities, we chromatographed an S105 preparation on DEAE-Sephacel (Fig. 3) . Isoleucyl-tRNA synthetase activity eluted at an NaCl concentration of 0.15 M, whereas the sulfurtransferase was clearly separated from the synthetase at 0.22 M NaCl. It is possible that exposure to a high salt concentration or contact with the chromatographic matrix resulted in dissociation of the complex. To investigate this, the fractions containing synthetase and sulfurtransferase activities were separately pooled, concentrated by Amicon ultrafiltration, and separately chromatographed on Bio-Gel A-SM, as before. Both the synthetase and sulfurtransferase chromatographed at 3 . DEAE-Sephacel chromatography of an S105 preparation from E. coli Q13. A 202-mg sample of protein was applied in 28 ml of buffer A to a 2.5-by 17-cm column equilibrated with the same buffer. After a wash with 145 ml of buffer A, a 400-ml linear gradient from buffer A to 0.3 M potassium phosphate (pH 7.5)-i mM dithiothreitol-10% glycerol was used to elute proteins. Fractions of 6 ml were collected and assayed for synthetase and sulfurtransferase activities as described in Materials and Methods. In this case synthetase activity is expressed as counts per minute per 0.1 ml of reaction mixture, and sulfurtransferase activity is expressed as counts per minute per total reaction mixture. NaCl concentrations were determined by conductivity measurements. Symbols: A280; 0, isoleucyl-tRNA synthetase; 0, tRNA sulfurtransferase activity. Fig. 3 ) and sulfurtransferase activity (fractions 91 through 106) were separately pooled, concentrated by Amicon UMIO ultrafiltration, and chromatographed separately on Bio-Gel A-SM as described in the legend to Fig. 1 . In each case, 4 ml of concentrated material was chromatographed, amounting to 7 and 3.4 mg of synthetase and sulfurtransferase protein, respectively. Symbols: 0, isoleucyl-tRNA synthetase; *, tRNA sulfurtransferase.
approximately the same high-molecular-weight region as they had before ion-exchange chromatography (Fig. 4) . The isoleucyl-tRNA synthetase assays demonstrated multiple forms of this enzyme. The activity in the void volume was probably due to aggregation, whereas the activity at lower molecular weights may have been due to dissociation of the synthetase from the complex. We observed similar behavior when the synthetase complex was chromatographed in the presence of 0.4 M NaCl (13) . Under these conditions, 30% of the total synthetase activity was dissociated, whereas 60% of isoleucyl-tRNA synthetase eluted at the position expected for the monomer. Sulfurtransferase activity eluted in a symmetrical peak but four fractions later than observed for the S105 preparation (compare Fig. 4 with Fig. 1 ). This suggests a reduction in molecular weight for the sulfurtransferase as a consequence of the above-described treatments. We also observed an 80% loss of activity after the DEAESephacel step, suggesting that dissociation or removal of a stabilizing factor had occurred.
The above data show that one sulfurtransferase peak was observed on both gel and ion-exchange matrices. However, four thionucleosides are known to exist in E. coli tRNA (7), each presumably synthesized by a separate sulfurtransferase (5) . To determine which enzymes we observed here, [35S] tRNA was isolated from reaction mixtures by using the S105 preparation as the source of sulfurtransferase. The labeled tRNA was hydrolyzed to the nucleoside level and analyzed on Bio-Gel P2 by the method of Rao and Cherayil (21) . The thionucleoside profiles of [35SItRNA digests labeled in vivo or in vitro are given in Fig. 5 . All four thionucleosides were seen with in vivo [35S]tRNA digests (Fig. 5A) : S4U, mnm5s2U, s2C, and ms2i6A. Peak 1 represented non-nucleoside sulfur (did not bind to Affi-Gel 601, a boronate gel) and could be cysteine (which elutes at 78 ml) or a derivative of this amino acid. Radioactivity was seen at this position for tRNA labeled in vitro also, despite phenol extraction and Measurements of the entire 3-ml fraction in regions of the chromatogram where the other thionucleosides were expected to elute gave only background radioactivity. A small amount of sulfurtransferase activity pelleted with the ribosomes but was removed by suspension and recentrifugation of the ribosomal pellet. Analysis of tRNA digests labeled with the ribosomal sulfurtransferase also showed that s4U was the only labeled thionucleoside (data not shown). Hence, we concluded that this enzyme was merely occluded in the ribosomal pellet. We have not been able to locate the other sulfurtransferase activities with sonicated extracts, because the crude extract also had only S4U sulfurtransferase activity.
DISCUSSION
The gel filtration behavior of aminoacyl-tRNA synthetases and tRNA modification enzymes in E. coli was investigated. Despite past evidence to the contrary (19) , it was found that aminoacyl-tRNA synthetases were organized in highmolecular-weight complexes in these cells (13) . In the current study, it was shown that isoleucyl-tRNA synthetase, ment, or in the presence of 0.15 M NaCI (13) . In addition, there was little change in the elution position of tRNA sulfurtransferase under these same conditions. As mentioned above, treatment with 0.4 M NaCI did result in partial dissociation of the synthetase complex and a small drop in the molecular weight of the sulfurtransferase. Hence, electrostatic forces may be involved in formation of these complexes. On the other hand, the complexes do not appear to be formed as a result of aggregation due to the use of low salt concentrations in extraction buffers.
We found that tRNA methyltransferases, a group of enzymes whose reported molecular weights range from 38,000 to 80,000 (5, 12) , eluted at a molecular weight of 300,000 on Bio-Gel A-SM. Indeed, tRNA methylase activity was not observed at the position expected for the monomeric enzymes ( Fig. 1 and 2 ). Methylase activity did not elute coincident with the bulk of isoleucyl-tRNA synthetase and sulfurtransferase activities. However, since some synthetase activity was seen in fractions containing methylase activity, such an association cannot be completely ruled out. The finding that tRNA methylase activity elutes as a highermolecular-weight entity than purified enzymes is in agreement with the work of Hagervall et al., who observed a high-molecular-weight form of mnm5s2U methylase (12) . They showed that the high-molecular-weight form of the enzyme was partially converted to the 80,000-molecularweight active monomer during rechromatography on Ultragel AcA34, suggesting that the high-molecular-weight form of that enzyme is labile.
Both ultracentrifugation and agarose gel chromatography experiments support the conclusion that isoleucyl-tRNA synthetase and sulfurtransferase are associated with one another. However, these enzymes are completely resolved during gradient elution from DEAE-Sephacel. After ionexchange chromatography, isoleucyl-tRNA synthetase eluted at its original elution position on Bio-Gel A-5M. tRNA sulfurtransferase now eluted at 300,000 daltons, a drop in size of 100,000 daltons, accompanied by a dramatic loss of activity. In other experiments, a similar decrease in size and activity after precipitation with ammonium sulfate was observed (Harris, unpublished observations). One interpretation of these results is that isoleucyl-tRNA synthetase and tRNA sulfurtransferase are present in complexes that are separate but of similar sizes. Alternatively, ion-exchange chromatography could have disrupted these two enzymes from a complex, followed by subsequent formation of nonspecific aggregates similar in size to the original complex.
The above-described results also suggest that the sulfurtransferase is stabilized in crude extracts, possibly by association with other factors. The stabilizing factor(s) is removed by ion-exchange chromatography or ammonium sulfate treatment, suggesting that electrostatic forces are important in maintaining the active form of this enzyme. It is also possible that the holoenzyme is composed of several active subunits of active but separately unstable monomers. Similar observations were made by Abrell et al. (1) , who found that the majority of the s4U sulfurtransferase activity was too unstable to further purify after ammonium sulfate fractionation. I previously reported that the size of the synthetase complex was increased when cells were disrupted by glass-bead homogenization or freeze fracture (13) . In contrast, tRNA sulfurtransferase was not altered in size in these preparations (Harris, unpublished results These findings suggest that aminoacyl-tRNA synthetases and tRNA modification enzymes do not simply exist as monomeric enzymes in the bacterial cytoplasm. The synthetases appear to be associated with each other in complexes of moderate size, perhaps composed of five or six members. In freeze-fractured E. coli extracts, complexes as large as 1 megadalton were observed (13) , suggesting that even larger multienzymic complexes may exist. The physiological significance of the association of aminoacyl-tRNA synthetases in high-molecular-weight complexes is not known at present. It is possible that the activities of several synthetases could be regulated together through a physical association. In eucaryotes, entry of extracellular amino acids may occur directly to groups of synthetases associated with the cell membrane (10) . Extracellular amino acids are shunted directly to aminoacyl-tRNA, rather than mixing with a intracellular pool of amino acids. The eucaryotic synthetase complex may be associated with membranes in the endoplasmic reticulum, suggesting a role in directing newly formed aminoacyl-tRNA to regions of the cell that are actively making proteins. In this regard, previous reports of tRNA modification enzymes with these complexes (2, 15, 23) leads to speculation that final steps in tRNA modification might occur just before aminoacylation. Although speculative at present, the bacterial aminoacyl-tRNA synthetases may be organized in a larger protein synthesis apparatus inside the cell. This putative apparatus is disrupted when the cell is broken, dissociated into a group of smaller complexes. In this regard, I show here that two classes of tRNA modification enzymes may also be associated in high-molecular-weight complexes in the bacterial cell, although not with each other. It is not known whether the members of these complexes are other tRNA modification enzymes, or proteins with different functions. These complexes should be purified and further characterized to learn which other cellular components exist in these complexes and to determine the physiological role for this association.
